Nitrogen fixation in nodules provides leguminous plants with an ability to grow in nitrogen-starved soil. Infection of the host plants by microsymbionts triggers various physiological and morphological changes during nodule formation. In Lotus japonicus, expression of early nodulin (ENOD) genes is triggered by perception of bacterial signal molecules, nodulation factors (Nod factors). We examined the expression patterns of ENOD40 genes during the nodule formation process. Two ENOD40 genes of L. japonicus were specifically expressed in the nodule formation process, but they showed different expression patterns upon infection. Each ENOD40 gene demonstrates an individual specificity and regulation with regard to rhizobial infection.
Introduction
Symbiotic interactions between the legume family and rhizobia result in the formation of root nodules. The symbiotic bacteria have an ability to fix atmospheric nitrogen to ammonia (Mylona et al. 1995) . In the nodules, bacteroids that are a differentiated form of rhizobia supply reduced nitrogen to the host plant. In return, they obtain photosynthetic products and other nutrients from the host plant. Nodule development is highly restricted by host specificity. Host plants require interaction with particular species or strains of bacteria (Denarie et al. 1992) . Host plants and bacterial symbionts exchange specific signaling molecules recognized by the corresponding symbiotic partner. Host plants exude various kinds of flavonoids into the rhizosphere. Rhizobia recognize specific flavonoids and begin to induce the expression of bacterial symbiotic genes, nodulation (nod) genes. The nod genes direct the synthesis and secretion of bacterial signaling molecules, called Nod factors (Spaink et al. 1991) . The structures of Nod factors are modified lipo-chito oligosaccharides, which have 3 to 5 N-acetylglucosamine residues attached to an unsaturated fatty acid on the non-reducing end, and contain various chemical modifications (Schultze et al. 1992 , Lopez-Lara et al. 1995 . These modifications are dependent on bacterial species and strains. Their differences in modification confer host specificity on nodule formation (Roche et al. 1996) . Mutants defective in particular nod genes that cannot produce proper Nod factors cause aberrant nodule formation (Debelle et al. 1988 , Ardourel et al. 1994 . Thus, Nod factors play a crucial role in nodule organogenesis.
Host-specific Nod factors cause distinct effects on the host plant at very low concentrations. Application of purified Nod factors triggers a number of symbiotic responses such as membrane depolarization (Ehrhardt et al. 1992 , Felle et al. 1995 , root hair deformation (Heidstra et al. 1994) , calcium spiking (Ehrhardt et al. 1996) , cortical cell division and expression of nodulin genes at a concentration as low as 10 -12 M (Vijn et al. 1993) . Nodule organogenesis is regulated by these symbiotic responses. Of these, expression of nodulin genes is a distinct indicator of symbiotic signal perception (Scheres et al. 1990 , Kouchi and Hata 1993 , Szczyglowski et al. 1997 . Nodulin genes are classified into early nodulin (ENOD) and late nodulin (LNOD) genes by the timing of their induction. Although the distinction between ENOD and LNOD gene is not clear, many LNOD genes can be assigned to specific biochemical functions according to their homology. On the other hand, the functions of almost all ENOD genes are unknown. However, the functions of ENOD genes are presumed to be involved in signal transduction or nodule development.
Among ENOD genes, the ENOD40 gene is one of the earliest induced genes and is used as a molecular marker for rhizobial infection. ENOD40 was first identified in soybean Hata 1993, Yang et al. 1993) , and ENOD40 homologs have been identified from a number of legume species that develop either the determinate or indeterminate type of nodules. ENOD40 genes have well-conserved sequences, i.e. region I and region II, and include a short open reading frame that is presumed to encode only 10-13 amino acid residues in region I. Whether ENOD40 is translated into a 10-13 residue peptide and/or is functional as an RNA (Crespi et al. 1994 ) is still not clear. Computer analysis predicts that transcripts of ENOD40 form a stable conformation (Girard et al. 2003) , and Campalans et al. (2004) have isolated the protein that binds to ENOD40 RNA. These results indicate the possibility that ENOD40 is functional in the form of RNA.
Expression of the ENOD40 gene is first observed in root pericycle and dividing cortical cells in the early stages of nodule formation, and persists in nodule primordia and nodules. In nodules, the expression is localized around the nodule vascular bundles, suggesting that ENOD40 may work in the formation of vascular bundles. Moreover, ENOD40 expression is also detected in several non-symbiotic tissues such as roots, leaves and flower buds. ENOD40 was also isolated from non-legume plants (Kouchi et al. 1999) . These results indicate that in addition to symbiosis, ENOD40 has other functions in plants and that it may have been evolutionarily recruited from another plant developmental pathway into nodulation (Szczyglowski and Amyot 2003) .
The interaction between the model legume, Lotus japonicus, and its specific symbiotic partner, Mesorhizobium loti, induces various symbiotic responses and triggers the development of determinant-type nodules. Several genes encoding putative Nod factor signal transduction proteins have been identified from the analysis of symbiotic mutants of L. japonicus (Stracke et al. 2002 , Imaizumi-Anraku et al. 2005 . It is hypothesized that the symbiotic signals are perceived by membrane-associated receptors and converted into endogenous signals. However, little is known about the interaction of these signaling factors and subsequent regulation of gene expression.
Here, we have examined the temporal expression patterns of ENOD genes, i.e. ENOD40, ENOD2 (Franssen et al. 1987) and LNP (Day et al. 2000) , in roots, nodule primordia and nodules of L. japonicus. Each gene showed specific expression patterns and temporal differences in response to symbiotic signals. In particular, the two different L. japonicus ENOD40 genes behaved differently upon nodulation. Separation of the timing of expression of each ENOD40 gene may yield clues to identify the function of ENOD40 genes.
Results

Nod factors differentially induce the expression of ENOD genes
We analyzed the response of LjENOD40-1, LjENOD40-2, LjENOD2 and LjLNP (Szczyglowski et al. 1997 , Flemetakis et al. 2000 to symbiotic signals using a quantitative reverse transcription (RT)-PCR.
Nod factors were extracted from M. loti JRL501 harboring pMP2112 (Niwa et al. 2001) . Nod factors at a concentration of 10 -8 M were applied to 6-day-old roots of L. japonicus. Gene expression induced by Nod factors was analyzed from 6 to 48 h. Significant inductions of LjENOD40-1, LjENOD2 and LjLNP were observed from 6 or 12 h after Nod factor application, whereas no induction of LjENOD40-2 was observed (Fig.  1) . The expression ratio of LjENOD40-1 was enhanced 2-fold at 48 h after Nod factor treatment compared with the control (Fig. 1A) . The enhanced LjENOD40-1 expression could be observed from 6 h after the application and gradually increased. In contrast, Nod factors did not activate LjENOD40-2 expression during the measured time, from 6 to 48 h after the treatment (Fig. 1B) . 
ENOD gene expression induced by other factors
Lotus japonicus plants were inoculated with M. loti MAFF303099 (wild type) or M. loti Ml101 (nodAC mutant), or treated with chitin-pentamer (10 -8 M). Chitin-pentamer is the backbone of Nod factors from M. loti. It has been reported that a chitin has biological activities like an elicitor for some plant species (Yamada et al. 1993) . Also, the soybean GsENOD40 gene is induced by chitin treatment (Minami et al. 1996b) . Mesorhizobium loti Ml101 has a deletion of nodA and nodC genes and thus cannot produce Nod factors. This strain should still synthesize bacterial factors other than Nod factors as long as nodA or nodC is not required for their synthesis.
Inoculation of wild-type M. loti induced a different expression pattern from Nod factor application. Initially, expression of LjENOD40-1 was induced to a greater extent than by Nod factors. The expression level increased approximately 2-fold at 6 h ( Fig. 1A) . In contrast, neither chitin nor the nodAC mutant induced LjENOD40-1 expression. LjENOD2 and LjLNP were both induced by inoculation of wild-type M. loti. Additionally, induction of LjLNP was also observed by chitin treatment. These results indicate that LjENOD40-1 induction requires higher structural specificity than induction of LjLNP.
Induction of LjENOD40-2 was not detected by any treatment (Fig. 1B) . No induction was observed by treatment of Nod factors or inoculation of M. loti, indicating that LjENOD40-2 was not induced during the early stage of symbiotic signal transduction.
Expression of ENOD genes at the late stage of nodulation
We examined the expression of ENOD genes at the late stage of nodulation. Cortical cell division is one of the symbiotic responses induced by treatment of high concentrations of Nod factors and, consequently, a developing nodule, called a nodule primordium, is formed in L. japonicus (Niwa et al. 2001) . The nodule primordia induced by treatment of Nod factors or inoculation of M. loti were collected, and the expression of the ENOD genes was surveyed by quantitative RT-PCR (Fig. 2) . In the case of inoculation of rhizobia, we selected the nodule primordia that had no released bacteria in infected cells.
ENOD40-1, LjENOD2 and LjLNP showed almost identical expression behavior in the two types of nodule primordia induced by either treatment of Nod factors or inoculation of rhizobia. Induction of LjENOD40-1 and LjENOD2 expression wsd observed in both nodules and nodule primordia. LjLNP was induced in neither nodule primordia nor nodules, although we found that LjLNP expression was transiently induced in response to symbiotic signals in the early stage of nodulation. Although LjENOD40-2 expression failed to be enhanced in nodule primordia induced by Nod factors, LjENOD40-2 showed a high level of expression in nodule primordia induced by rhizobia and in nodules. The results indicate that LjENOD40-2 is not a pseudogene, and has a role in nodule formation.
Difference in expression between ENOD40-1 and ENOD40-2
To investigate the two homologous L. japonicus ENOD40 genes further, their expression in response to various concentrations of Nod factors was examined (Fig. 3) . We analyzed Fig. 2 Expression pattern in nodule primordia and nodules. Nodule primordia induced by Nod factors or infection of rhizobia were collected from 10 or 14 d after spot inoculation. The relative expression of ENOD genes was represented based on the relative ratio to uninfected roots. Bars indicate the SDs (n = 3 or n > 3). Asterisks indicate a significant difference from 0 h (t-test; P < 0.05). LjENOD40-1 1 5 . 6 9 ± 1.55 0.13 ± 0.12 0.18 ± 0.08 0.21 ± 0.18 LjENOD40-2 1 3 . 5 7 ± 1.10 0.13 ± 0.06 0.21 ± 0.06 0.69 ± 0.49 LjENOD40-1 and LjENOD40-2 expression at 48 h after treatment with 10 -6 to 10 -10 M of Nod factors. LjENOD40-1 was induced at every concentration. However, LjENOD40-2 induction was not observed at all. From this result, we confirm that LjENOD40-2 is not induced during 48 h of symbiotic signal perception and there is a significant difference between the expression of LjENOD40-1 and LjENOD40-2 at the early stage of nodulation.
Expression patterns of the two ENOD40 genes in other tissues were also examined (Table 1) . LjENOD40-1 and LjENOD40-2 showed significantly lower expression levels (P < 0.05) in leaves, seedpods and flower buds compared with roots, except for LjENOD40-2 in flower buds. No significant induction of LjENOD40-1 and LjENOD40-2 was observed in these tissues.
The tissue specificity of the expression of ENOD40 genes was analyzed by in situ hybridization using two specific probes that hybridize to LjENOD40-1 and LjENOD40-2, respectively. We examined LjENOD40-1 and LjENOD40-2 expression in nodule primordia and nodules both induced by M. loti inoculation. LjENOD40-1 expression was observed in both stages. The signal was localized in the central tissue and in the adjacent cells of the root vascular bundle proximal to nodule primordia (Fig. 4A) . In nodule, it was localized in the nodule vascular bundles and in the surrounding cells (Fig. 4B) . Signals of LjENOD40-2 were also detected around the nodule vascular bundles in nodules (Fig. 4E) . In nodule primordia, there were weak signals in the same region as LjENOD40-1 (Fig. 4D) . This result supported the analysis by quantitative RT-PCR in nodule primordia induced by M. loti. Therefore, the two ENOD40 genes are expressed in the same region of nodule primordia and nodules, and LjENOD40-2 is certainly induced during the formation of nodule primordia.
Discussion
In this study, we have analyzed the expression of ENOD genes, LjENOD40-1, LjENOD40-2, LjENOD2 and LjLNP. Except for LjENOD40-2, the ENOD genes were induced by rhizobial inoculation or Nod factor treatment in the early stage of nodulation. Each gene showed a different expression pattern in response to symbiotic and non-symbiotic stimuli, indicating that the symbiotic signal transduction to induce ENOD genes is composed of multiple pathways.
In the early stage of nodule formation, LjLNP expression was transiently induced by Nod factor treatment or rhizobia inoculation. The LjLNP gene has been isolated as the homolog gene of DbLNP, which is an apyrase and a lectin-like gene of Dolichos biflorus . The treatment of roots with antiserum to LNP inhibits nodule formation, indicating that LNP has an important role in nodule formation on the surface of root cells. Macroarray analysis in L. japonicus also demonstrates the transient expression of LNP genes (Kouchi et al. 2004) . They have been categorized as defense, cell rescue, death or aging related. We showed that LjLNP was also induced by a chitin-pentamer previously shown to act as an elicitor (Yamada et al. 1993) . Our result supports the growing body of evidence that LjLNP expression relates to defense responses. Apyrase-like Apy1 genes of Medicago truncatula do not respond specifically to symbiotic signals, but are induced by other signals such as an external stress (Navarro-Gochicoa et al. 2003 ). However, a recent report shows that soybean LNP enhances nodulation, suggesting its involvement in symbiosis (McAlvin and Stacey 2005) .
LjENOD2 expression was induced by Nod factor signal perception and during nodule formation (Figs. 1C, 2) . Soybean strictly recognized the Nod factor signals and enhanced GsENOD2 expression (Minami et al. 1996a) . Considering that GsENOD40 was induced by chitin-pentamer treatment (Minami et al. 1996b ), the expression of GsENOD2 was more properly restricted than that of GsENOD40. On the contrary, expression of LjENOD40-1 is induced only by Nod factor treatment and rhizobia inoculation, but not by chitin or a nodAC mutant. In L. japonicus, ENOD40 and ENOD2 have high specificity for symbiotic signals. We hypothesize that legume plant species may have differing Nod factor stringency requirements for induction of the ENOD genes.
Induction of ENOD40 generally begins within several hours after Nod factor treatment. The ENOD40 transcripts are localized at dividing cells of nodule primordia and at vascular bundles in mature nodules Hata 1993, Yang et al. 1993) . Flemetakis et al. (2000) reported that LjENOD40-1 and LjENOD40-2 were expressed by rhizobia inoculation and Nod factor treatment. We analyzed the responses of these genes earlier and in more detail than they have done. In quantitative RT-PCR analysis, we have found that these two ENOD40 genes exhibit differential expression patterns upon nodulation (Fig.  1A, B) . Similar results were also found in the different accession B-129 'Gifu' (data not shown). LjENOD40-1 was induced at 6 h after treatment of Nod factors or inoculation of rhizobia, whereas LjENOD40-2 induction was not observed at least during 48 h of treatment. White clover (Trifolium repens) has symbiotic and non-symbiotic ENOD40 genes (Varkonyi-Gasic and White 2002). Although two LjENOD40 genes showed different expression patterns in non-symbiotic tissues, there was no obvious induction of either of the two LjENOD40 genes in these tissues (Table 1) . Thus, LjENOD40-2 is apparently not a non-symbiotic ENOD40 gene. We could observe the induction of LjENOD40-2 in nodule primordia induced by rhizobial infection (Fig. 2) . We also showed by in situ hybridization that LjENOD40-2 was expressed in the same regions of nodule primordia and nodules as LjENOD40-1 (Fig. 4) . Therefore, we conclude that the expression of LjENOD40-2 is not induced at the early stage of nodulation and the induction is started at the development of nodule primordia. We hypothesize that different regulation systems and transcriptional factors regulate LjENOD40-2 and LjENOD40-1 in the early stage of nodulation.
Then, how does differential expression work? The induction of LjENOD40-2 can be related to the time when this function is needed. The ENOD40 gene is thought to be associated with the formation of nodule vascular bundles because of its expression around them. The development of vascular bundles begins at a similar period as the development of nodule primordia. Although gene function is not necessarily associated with the period of gene induction, these facts support the functional role of the ENOD40 gene. On the other hand, of the two ENOD40 genes isolated from maize (Zea mays), a decrease of ZmENOD40-1 expression does not give rise to discrete phenotypes (Compaan et al. 2003) . ZmENOD40-1 and ZmENOD40-2 are suggested to be functionally redundant and one ENOD40 can complement the other defective one despite their low homology. It raises the possibility that the functional LjENOD40-1 is enough to cover the early nodule formation process until 48 h and LjENOD40-2 does not play a significant role in the process or only takes an auxiliary role.
Symbiotic receptor-like genes, SYMRK, NFR1 and NFR5, have been identified recently by positional cloning in L. japonicus (Stracke et al. 2002 . In nfr1 and nfr5 mutants, none of the symbiotic responses to Nod factors is observed, whereas the symRK mutant displays a partial symbiotic defect in both nodulation and mycorrhization. On the rhizobial side, there are essential symbiotic signals such as extrapolysaccharide other than Nod factors (Cheng and Walker 1998) . Considering several rhizobial signals and multiple receptors of the host plant, multiple initiation points and the following cascades can exist in the symbiotic signal transduction. These pathways may transmit symbiotic signals independent of or dependent on each signal. The difference in expression of two ENOD40 genes supports this hypothesis. Isolation of signal molecules other than Nod factors and related transcriptional factors will make it clear how these pathways induce ENOD genes.
Materials and Methods
Bacterial strains and plasmids
Mesorhizobium loti JRL501 (nalidixic acid resistant) and Ml001 (streptomycin resistant) are derivatives of M. loti MAFF303099 (phos- Lopez-Lara et al. 1995) . It enables M. loti to induce production of Nod factors with the flavonoid naringenin. Mesorhizobium loti JRL501 harboring pMP2112 (spectinomycin resistant) was described previously (Niwa et al. 2001) .
Nod factor preparation Mesorhizobium loti JRL501 harboring pMP2112 was grown in modified B-medium (Spaink et al. 1991 ) containing 1 µM naringenin for 24 h at 28°C. After the removal of cells, the culture medium was extracted twice with 0.3 vol. of n-butanol. This solution was then evaporated and completely dried. The extracts were dissolved in 50% acetonitrile and purified by high-performance liquid chromatography (HPLC) with a C18 reverse phase column (4.6×150 mm). The column was eluted with 43% acetonitrile at a flow rate of 1 ml min -1 and the eluate was detected by 206 nm absorbance. The fractions of the specific peaks induced by naringenin were collected according to the HPLC profile shown in Niwa et al. (2001) , and dried.
Plant growth
The seeds of L. japonicus accession MG-20 'Miyakojima' were scarified in concentrated H 2 SO 4 for 10 min followed by three rinses in water. After rinsing, the seeds were sterilized with 10% (v/v) sodium hypochlorite for 10 min, rinsed with four washes of sterilized water and imbibed in sterilized water overnight. The seeds were transferred onto Petri dishes containing 0.7% agar. Dishes were wrapped with aluminum foil and placed vertically in a growth cabinet (26°C 16 h light/23°C 8 h dark). One day later, the aluminum foil was removed and plants were maintained in the same condition for one more day. Seedlings about 20 mm long were transferred to Fåhraeus slides (Heidstra et al. 1994) , which were kept in a vertical position in a staining jar containing 50 ml of B&D nitrogen restricted medium (1.0 mM CaCl 2 , 0.5 mM KH 2 PO 4 , 10 µM Fe-citrate, 0.25 mM MgSO 4 , 0.25 mM K 2 SO 4 , 1.0 µM MnSO 4 , 2.0 µM H 3 BO 3 , 0.5 µM ZnSO 4 , 0.2 µM CuSO 4 , 0.1 µM CoSO 4 and 0.1 µM Na 2 MoO 4 ). The bottom of the jar was covered with black paper up to the hypocotyl region to shield roots from direct light. The liquid-cultured plants were kept in a growth cabinet in the conditions as described above.
Application of Nod factors, chitin and M. loti
Nod factors or chitin-pentamer dissolved in B&D medium were applied to liquid-cultured plants described above. Mesorhizobium loti MAFF303099 and Ml101 (∆nodAC::aacC1) were grown at 28°C in TY medium (trypton 5 g l -1
, yeast extract 3 g l -1 and CaCl 2 0.6 g l -1 ) containing antibiotics; 100 mg l -1 phosphomycin and 50 mg l -1 gentamicin, respectively. Bacterial cultures were washed twice with 0.8% NaCl and suspended in B&D medium. Suspended bacteria were inoculated on liquid-cultured plants (final OD 600 = 0.001).
Spot inoculation
Seedlings about 20 mm long mentioned above were transferred to B&D medium containing 1% agar. After 2 d of incubation in a growth cabinet, a 1 µl droplet of 1% low melting agar containing 10 -3 M Nod factors or rhizobia (OD 600 = 0.01) was spotted onto the root tip. The green fluorescent protein (GFP)-tagged strain, M. loti BN02 (Tansengco et al. 2003) , was used for spot inoculation. The spotted plants were grown for 10 or 14 d. Nodule primordia without apparent release of rhizobia were collected according to the GFP fluorescence in the central tissue. Nodules showed bright GFP fluorescence. Samples were frozen in liquid nitrogen and kept at -80°C until use.
Sequence information of ENOD genes
The sequence of the ubiquitin gene was from GenBank (accession no. AV423628), which showed a high homology with that of Arabidopsis. Two ENOD40 genes were previously isolated from L. japonicus (Flemetakis et al. 2000) . The cDNA clone of LjENOD2 was a gift from Dr. K. Szczyglowski. The sequence of LjLNP was from GenBank (accession no. AF156780). Specific primers were designed according to these sequences (Table 2) .
RNA preparation and reverse transcription
Total RNA was isolated with the RNeasy Mini kit (QIAGEN, Hilden, Germany). The concentration of total RNA was quantified at OD 260 nm. Using an equal amount of total RNA (0.25 µg), cDNA was synthesized with a specific antisense primer by reverse transcription. Total RNA and 50 pmol of primers were mixed in a sample tube and denatured for 10 min at 65°C. The mixture containing 0.2 µl of Superscript ® reverse transcriptase (200 U µl -1 , Invitrogen, Carlsbad, CA, USA), 0.2 µl of RNase inhibitor (40 U µl -1 , TAKARA BIO INC., Ohtsu, Shiga, Japan), 4 µl of 5× first strand buffer (Invitrogen), 2 µl of dithiothreitol (DTT; 0.1 M) and 2 µl of dNTP (2.5 mM) was added to the tube and adjusted to 20 µl with H 2 O. Reverse transcription was conducted for 30 min at 50°C, and then incubated for 15 min at 75°C to stop the reaction.
Real-time PCR
The mixture containing 2 µl of 10× Ex taq buffer (TAKARA BIO INC.), 0.8 µl of dNTP (2.5 mM), 20 pmol sense and antisense primer, 100,000× diluted SYBR Green I (Molecular Probes, Eugene, OR, USA) and 0.15 µl of Ex taq (TAKARA BIO INC.) was added to 4 µl of cDNA from the reverse transcription product and adjusted to 20 µl with H 2 O in a MicroAmp Optical 96-well Reaction plate (Applied Biosystems, Foster City, CA, USA). PCR (94°C for 5 min, 30 cycles at 94°C for 30 s, 65 or 58°C for 30 s and 72°C for 30 s) was performed with a GeneAmp5700 Sequence Detection System (Applied Biosystems). The relative expression value was calculated by the ∆∆Ct method according to the manufacturer's manual. The Ct value represents the number of PCR cycles that was necessary to amplify the cDNA sample to a constant value. The ubiquitin gene was used for normalization.
In situ hybridization
DNA fragments amplified by PCR with gene-specific primers (Table 2) were used as LjENOD40-1-and LjENOD40-2-specific probes of in situ hybridization. Probe specificity was confirmed by reciprocal RNA dot blot to each fragment. In situ hybridization was performed according to Aida et al. (1999) .
